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SECTION 1

INTRODUCTION

A previous report (Eleiche and Campbell 1974, subsequently referred to

as I) dealt with the influence of strain-rate history on the shear strength

of OflIC copper at room temperature ( N 240C), 200 and 40o0 c, and of

commercially pure (alpha) titanium at room temperature. Shear stress-strain

curves were first obtained at a quasi-static rate (A10Os'l)and at constant

high rates (u10 3 s61 ); tests were then performed in which the rate was

suddenly increased from the low to the high rate after a certain amount of

plastic deformation.

It was found that at a given temperature the high-rate flow stress

always exceeded that required at the same strain in the low-rate test.

The high-rate flow stress was also found to depend on the previous de-

formation: immediately after the rate was increased, the flow stress was

less than that obtained at the same strain in a high-rate test. This

difference was small for titanium, but relatively large for copper; in

each case, the difference decreased with further straining, i.e, the

'memory' of the previous deformation decayed. The strain required for

effective elimination of the difference was much larger for copper than

for titanium, and it increased with increasing pre-strain.

The results for copper showed that the incremental stress, i.e. the

difference between the high-rate value aad the low-rate value, varied

relatively little with temperature, over the range covered. Thus it did

not appear to be described by a simple rate equation with a constant

activation volume. The purpose of the present work was to obtain further

results for the same two metals over a wide temperature range including

values below ambient; to obtain comparable data for a third contrasting

material, namely mild steel; and to interpret the results for all three



materials in terms of proposed microscopic and macroscopic theories of rate-

dependent plastic flow in metals.

Particular questions of dynamic plasticity to which the investigation

is relevant include the following:-

(1) The extent to which the structure of metals and alloys is a function

of the previous strain-rate history, rather than the current value of

plastic strain.

(2) The extent to which the rate dependence can be erplained in terms of

thermal-activation rate analysis.

(3) The applicability of proposed forms of macroscopic constitutive relation

to deformation of metals and alloys at varying strain rates.

If it is assumed that the observed plastic strain-rate jP is the sum of

rates caused by a number of different thermally-activated micro-mechanisms

of deformation, each dependent on the stress T and the current structure of

the material, we may write

tp =• Aj(-c, T, s.) exp -T(
i ~kT(I

where A. is the frequency factor and AG. is the free activation energy for the

ith deformation mechanism, k is Boltzmann's constant, T is the absolute

temperature and the parameters s. represent the current structure of the

material. The parameters s. must evidently be determined by the number and

distribution of all the lattice imperfections, solute atoms, second-phase

particles, grain or twin boundaries and other features of the microstructure.

For a given material, some of these parameters are governed by the initial

state of the material, while others depend on the plastic deformation itself.

The simplest assumption that can be made is that for a given initial state

the structure is uniquely defined by the plastic strain. Making this assumption
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(1) reduces to what has become known as the 'mechanical equation of state',

which may be written

F (t, Yp, y , T) 0. (2)

Equations of this type were proposed by Ludwik (1909), Zener and 11ollomon

(1944, 1946); MacGregor and Fisher (1946); and Hollomon (1947). Such

equations imply that the material behaviour is independent of the deformation

history, being governed only by the current stress, strain and temperature.

If the deformation is controlled by a single thermally-activated process,

it may be possible to simplify (2) further by employing a single variable

to characterize both the strain rate and the temperature. One such quantity

is the Zener-Hollomon parameter defined by

Z exp LAo/kT],()

where AG is the activation energy for the rate-controlling mechanism. Then

(2) becomes

F (t, yI, Z) 0. (4)

Alternatively, we may use the 'velocity-modified temperature' introduced by

MacGregor and Fisher (1946). Fig. 1 illustrates diagrasmatically the

behaviour predicted by (2) or (4): a sudden change of temperature or

strain rate, represented by AB or CD, gives a reversible change of stress

but no identifiable change of structure,

An equation such as (4), if applicable, is obviously of great value

in predicting the behaviour of materials, and such equations have been used

successfully for high-temperature deformation at constant strain rates and

temperatures (Jonas et al. 1969). However, deviations from an equation of

state have been reported by many workers; for example, Barraclough and

Sellers (1974) showed from hot torsion tests on stainless stcel that the

equation does not hold if Z changes by more than about two orders of

-• ... • -& -- • - - - • • •... . .- -' *f,=%-=i -i -.....- - - - - - - - - -



r4

magnitude during a change of unity in the true tensile strain. Similar

effects in f.c.c. metals have been discussed by Klepackzo (1975), and the

b.x%. metals molybdenum and niobium have also been shown to be sensitive to

strain-rate history (Campbell and Briggs 1975). It seems clear therefore

that in general the parameters si in (1) must be related to the previous

mechanical and thermal treatment rather than simply to the current values

of strain and temperature. One suggestion which satisfiesthis condition

is that the structure is determined by the mean amplitude of the long-range

internal stresses present in the material. In principle this may be

measured by the applied stress needed to cause flow at a temperature high

enough to render short-range obstacles ineffective (the 'athermal' component

of stress); this stress should be essentially rate-independent. A general

treatment of this kind has recently been given by Bo6ek (1975).

Hart (1970) has proposed a similar theory in which the structure is

characterized by a single parameter y which depends on the previous

deformation history, the rate of change of y with strain being a known

function of the state variables. Kocks et al. (1975) have reviewed this

and other similar constitutive laws.

Most of the available data relating to history effects in the de-

formation of metals were obtained at low strain rates, using rate changes

of one or two orders of magnitude. In the present experiments, however,

rate changes of up to 6 orders of magnitude could be imposed during a

shear strain increment of order 10-2. Very large changes in deformation

history were therefore possible, so that deviations from a mechanical

equation of state were to be expected. The inclusion of temperature as

a variable permitted an approximate correction to be made to take account

of the effects of adiabatic heating. The use of pure shear rather than

IJ
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tensile or cumpruusive straining eliminated the need for conversion to

true stress and true strain, and also enabled deformatior, to be continued

to large strains. Thus in addition to providing data for analysis and

comparison with proposed forms of constitutive relation, the res.3ults may

have direct relevance to machining or other metal-forming processes s

involving deformation at high strains and varying strain rates over a

range of temperatures.

SECTION 2

EXPERIMENTAL DETAILS2. 1 ApparatuS_

All tests were conducted on a horizontal torsional split Hopkinson-

bar apparatus(Fig.2) the details of which, together with the associated

instrumentation, were described before in I. Quasi-static loading was

achieved by means of a slow rotational-drive unit at one end of the system,

while the release of a pre-stored torque in a clamped portion of the input

bar at the other end imposed the dynamic loading. A theoretical analysis

of the wave propagation in the bars as well as the actual observed wave

structure as affected by the performance of the clamp, are discussed in

detail in Appendix A. An axial pulse is found to be initiated at the

clamp and this arrives at the specimen before the main torsional pulse;

however, the amplitude of the axial pulse is small and its effects are not

significant.

As described in I, a furnace was also used for testing at elevated

temperatures. This was continuously kept filled with dry argon when

testing titanium or mild steel specimens, to prevent oxidation. For

testing at sub-ambient temperatures, cooling of the specimens was achieved

by controlling the flow of liquid nitrogen into a tufnol container

surrounding the specimen. Details of this arrangement are presented in

Appendix B.
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2.2 Snecimens and Bonding

Three materials were chosen for studying the effects of strain-rate

history on shear strength. Various considerations led to the choice of metals

of different crystallographic structure, of varying purity and practical

importance: OFHC copper, commercially-pure (alpha) titanium and low-carbon

steel. Compositiorsof the three materials are given in Table 1. AfterI

machining to the nominal configuration shown in Fig. 3, and measurement of

the critical dimensions, the specimens were annealed in a vacuum, resulting

in the grain densities given in Table 2. Photomicrographs of annealed (as

well as tested) specimens were taken; some of these are presented in

section 3.

Before testing, each annealed specimen was firmly attached to the inner

ends of the two torsion bars, thus reducing the system (at any testing

temperature) to a continuous bar of constant mechanical impedance, except

for the short tubular gauge length of the specimen. A difficulty always

exists in torsional split-bar experiments concerning the method of

bonding, which should ensure continuity as well as strength at any testing

temperature. Various methods are discussed in some detail in Appendix C.

In all tests conducted at room and low temperatures, Araldite epoxy cement

was used to bond the specimen directly to the torsion bars. At elevated

temperatures, copper and mild steel specimens were each brazed to a pair

of stainless-steel tubes, and the assembly then attached with Araldite to

the torsion bars. With titanium, each specimen was first mechanically

attached to two short stainless-steel grips of proper dimensions (Figs. C1

and C2), and chis assembly was then connected to the bars as described for

copper and mild steel specimens.

*Ž~< .- ~- A



2.3 Test Procedure and Data Reduction

An account of the test preparation, procedure and calibration as well

as the data reduction has been presented in I. One exception occurred for

elevated-temperature testing of titanium at the quasi-static strain rate:

because of design considerations, the specimen I.D. was chosen to be

smaller than the standard one, as can be seen from Figs. 3 and C1. Relatively

small torques were therefore sufficient to deform these specimens plastically,

and recording of these torques could not be achieved on the Sanborn recorder

without excessive vibration of the recorder pen. Quasi-static test results

were therefore recorded partly on the Sanborn chart (twist versus time),

and partly on the oscilloscope (applied torque versus time). Most of the

quasi-static pre-straining in rate-jump tests was also recorded in the same

way; in such a test. the oscilloscope settings were readjusted just before

releasingt.ie clamp, to record the dynamic portion of the test on the same

photograph.

2.4 Tyica~l Test Records

A representative collection of records is presented in Figs. 4, 5 and

6 for copper, titanium and mild steel respectively, tested for a variety of

temperatures and strain-rate histories. In all oscillograws, the upper

trace shows the output-bar gauge signal (i.e. output torque), and the lower

trace shows the input-bar gauge signal (i.e. input and reflected torque).

In certain tests, the timebase for the upper traces was delayed relative to

that of the lower; this delay is specified in the list of illustrations. The

amount of quasi-static pre-strain in each rate-jump test is given on the figures.

2.4.1 Cper

Constant-rate and rate-jump test results at -150, -100 and -500 C

are recorded in Fig. 4; these results complement those given in Figs. 7-9 of

~J--t-~A4
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1. A definite yield point is observable in each of the constant-rate

record (Fige. 4(11), (c), (o) ). The rate-jump test records (Figs. 4 (b),

(d), (f)) have a general appearance similar to that observed for copper

at room and elevated temperatures. Each output trace shows two dips, one

preceding the tor.sional pulse, the other about 900 Vis later; these are

apparently caused by the axial pulse initiated during the clamp release

(see Appendix A). Figs. 4 (b), (d) and (f) show distinct, though small,

eiasti c stress increments, irmediately following the change in strain rate;

such incr-emcnts were not discernible in the higher temperature results

(sec Figs. B and 9 in I).

2. 1 l2 Tiitanium

Constant-rate and rate-jump test records obtained for titanium at room

temperature were presented in I (Figs. 11 and 12). These may be compared

with those obtained at lower and higher temperatures, which are shown in

Fig. 5.

The elevated-temperature titanium specimen design appears to be

satisfactory, as can be seen from Figs. 5 (h)-(k). Quasi-static results

were recorded on an oscilloscope for torque (see Fig. 5 (g) as an example)

and on a Sanborn chart for twist, Constant-rate dynamic test results

(Figs. 5 (h) and (j) ) did not exhibit any peculiarities which could be

related to the mechanical grips. The small oscillations on the upper trace

at the start of yield were also observed in some of the lower temperature

tests (see for example Figs. 5 (c) and (e) ); the small ripples superimposed

on this trace are a consequence of the high gain used.

For rate-jump tests, the quasi-static pre-strainingwas sometimes also

recorded on the oscilloscope (Fig. 5 (k) ) or interpreted from the twist-

time Sanborn chart record; proper checking of the pro-strain level could be
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achieved by comparing the original baseline for the output trace on the

oscillogram and the level reached after triggering during the dynamic

strain-rate jump. At all temperatures, the rate-jump test records show

an elastic rise in stress; the subsequent flow occurred at nearly constant

stress at the two high temperatures, while considerable work-hardening is

observed at room temperature and below.

2.4.3 Mild Steel

Fig. 6 presents a selection of constant-rate and rate-jump test results

for mild steel obtained at various temperatures ranging from -150 to 4000C.

At the quasi-static rate, dynamic strain-ageing was very well exhibited on

the chart or oscilloscope torque record when testing at 20000, as shown in

Figs. 6 (d) and (e). At higher or lower temperatures, such effects were not

observed (see Figs. 6 (a), (b) and (c)).

At the constant dynamic rate, strain-ageing does not occur, because of

the short time available. Also, the upper yield points are much more J

pronounced, at all temperatures (Figs. 6 (f), (i), (1) and (o). At large

strains, the strain-hardening is reduced by thermal softening, especiallyI at room and lower temperatures (Figs. 6 (f) and (i).

Perhaps the results of the rate-jump tests on mild steel are the most

interesting, as seen in Figs. 6 (g), (h), (j),(k), (m), (n), (p) and (q).

At all temperatures, a well defined elastic stress increase can be observed

on the traces following the strain-rate jump; at high temperatures this is

followed by a sharp drop of stress to a lower yield point (Figs. 6 (m), (n),

(p) and (q) ). Flow continues at an increasing or decreasing stress, the

strain-hardening rate depending on the test temperature and the amount of

pre-strain.

I
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SECTION I

RESULTS AND DISCUSSIONS

3.1 Copper

3. 1.1 Constant-strain-rate response

The quasi-static flow characteristics of OFHC copper at the strain

rate of 0.003 s"I and various temperatures are presented in Fig. 7, while

those for a dynamic rate of about 900 sa- are shown in Fig. 8. Each

curve in these figures represents the average of at least two tests;

variation of strain rate and flow stress values for an individual test

did not exceed 5% at most from the values used in plotting the curves.

Yield and flow stresses as well as strain-hardening rates are seen

to be sensitive to temperature. At any constant temperature, these

quantities are also influenced by strain rate, as shown in Fig. 9 (a)-

(f). Nc evidence of the discontinuous yielding or serrated flow,

characteristic of impure metals, is observed at any temperature.

Similarly, the flow curves at the higher rate do not show any drops in

stress at yield, such as those found by Dowling et al. (1970) and Harding

(1971) during impact punch loading on copper of commercial purity.

The temperature dependence of the flow stress at various values

of strain is illustrated in Figs. 10 (a) and (b) for the two strain rates,

0.003 and 900 s-I zespectively. At the higher rate, flow stress values

are expected to be reduced because of temperature rise which accompanies

rapid plastic deformation; calculated curves showing the adiabatic

temperature rise AT are plotted in Fig. 9. The measured flow stress

value at any strain thus represents the specimen strength at a temperature

slightly higher than that existing at the start of the deformation.

Assuming that all the mechanical work is converted into heat, and that

the effect of temperature history can be neglected, a correction can be

made as shown in Fig. 10 (b); it is seen that the resulting change in

flow stress is negligible at low strains or high temperatures, and amounts
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to a maximum of about 10% at a strain of 0.5 and at the lowest temperatures

covered. The actual corrections will be somewhat lower because of heat V

loss during deformation and the storage of some energy in the deformed

lattice.

From the curves of Fig. 10 (a) and the corrected curves of Fig.

10 (b), the rate dependence of the flow stress may be determined as a

function of specimen temperature. The mean strain-rate sensitivity may

be defined as

P12 = (T 2 -T 1 )/In (H2 / i1), (5)

where T1 and r2 are the flow stresses measured at an arbitrary strain

y and temperature T in the quasi-static and dynamic tests at rates 1

and j2 respectively. Values of 142 are plotted against temperature in

Fig. 11 and against strain in Fig. 12.

3.1.2 Strain-rate-change resronse

V At each test temperature, the response of copper to quasi-static

deformation followed by a sudden increase in strain rate was determined.

The average result of at least two specimens subjected to nominally the

same pre-strain and strain-rate history was calculated and plotted, together

with the flow curves obtained in the constant-rate tests discussed abuve.

SThese p2ots are also shown in Fig. 9; an estimate of the experimental

accUracy involved has been made in I and is therefore not given here.

Also shown in Fig. 9 are the variation of strain rate and the adiabatic

temperature rise with strain during the high-rate defbrmation.

A significant first observation relates to the shape of the flow curves

following the strain-rate change. At all testing temperatures, the

curves are continuous and no stress drops are observed (see also the

corresponding oscillograms in Fig. 4). Yield points have been observed

by Zeyfang et al. (1974) when strain-rate changes in the range 10'4 to 10-.

were imposed during the deformation of high-purity copper single
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crys-tals using an [nmtron tensile-testing machine at various temperatures,

but these were explained in part by the overshoot of the Instron control

system. Yield drops are frequently obta4ned in single and polycrystals of

some f.c.c., b.c.c. and h.o.p. metals when subjected to a low-temperature

pro-strain followed by additional deformation at a higher temperature; such

a yield-point phenomenon at the beginning of re-straining is usually called

'work-softening7' (Cottrell and Stokes, 1955; Kelly, 1956; Hammad and Nix,

1966; Sakui et aP., 1968; Hammad et al., 1970; Lonigo and Reed-Hill, 1970;

GUle 9  and Baldwin, 1973; Longo and Reed-Hill, 1974). The effect appears to

occur only when unloading takes place between pre-straining and re-straining

(Haasen and Kelly, 1957; GUleV and Baldwin, 1973). It can also be observed

by pre-straining metals at a high strain rate followed by reloading at a

lower strain rate (Langenecker, 1961; Sakui et al., 1968; Longo and Reed-

Hill, 1970). However, in f.c.c. metals work-softening seems to occur only

if the stacking-fault energy is moderate to high; it is not observed in

copper, nor in a brass, which have low stacking-fault energies (Sakui et al.,

1968), but is always encountered in aluminium and nickel. In this respect,

it seems appropriate to recall the results of Frantz and Duffy (1972) for

aluminium, in which small yield drops were always observed after a rapid

increase in shear strain rate,.

The curves of Fig. 9 indicate that the initial response to the strain-

rate jump is approximately elastic at all temperatures; however, as already

noted, a well-defined yield point is only found at low temperatures. The

results clearly show that a mechan:Lcal equation of state relating stress,

strain, strain-rate and temperature is not applicable under any of the test

conditions, The observed rate dependence of the yield and flow stresses

thus reflects two facts: (a) the yield stress at a given internal structural

state depends on strain rate (and temperature); and (b) the structural state
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and the corresponding strain-hardening after a given amount of plastic

straining also depend on the strain rate at which the pre-straining

took place. (In this context, the term internal structure covers

features such as small-angle boundaries, subgrains and cells, the density

and configuration of dislocations, dislocation tangles, etc.)

At any given pre-strain, the increment in flow stress At following the

change in strain rate can be taken as representative of the true or intrinsic

rate sensitivity of the material. At all temperaturus, the intrinsic rate

censitivity for copper is much lower than the apparent sensitivity basud

on flow curves obtained at constant strain rates. The intrinsic rate

sensitivity at a given strain, 112, is defined as before for P12 in Eq. (5),

but here T 2 is the yield stress exhibited at the end of the elastic

increment prior to work-hardening. From the results shown in Figs. 9 (d),

(e) and (f), corresponding to room temperature and above, it is not

possible to determine T2 unambiguously, because of the absence of a well-

defined yield point; AT is clearly very small, if not zero. Curves

showing U'2 at the lowest temperatures, for three values of strains, are

plotted in Fig. 12.

According to the theory of thermally-activated plastic flow in metals

(summarized by Li, 1967), the intrinsic rate sensitivity P12 is related to

the activation volume V by the equation

W12 = kT/V. (6)

In deriving this equation, it is assumed that the density of thermal

activation sites remains constant during the change of strain rate, and

that the activation volume is independent of temperature. It is clear that

the results of Fig. 11 do not accord with this equation, since the curves

for 112 do not pass through the origin,
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Assuming that the rate-controlling process is that of dislocation

intersection, V is expected to vary inversely as the square root of the

forest - dislocation density; hence an increase in P12 with increasing

plastic strain is predicted. Fig, 12 shows that the increase is quite

small for a five-fold increase in strain.

It seems clear from the present results that (a) at all temperatures

the major paurt of the observed strain-rate dependence in constant-rate

tests must be attributed to change in dislocation structure with strain-

rate history rather than to the instantaneous strain rate itself;

(b) at low temperatures there is a significant dependence of the flow stress

on the current strain rate; and (c) the temperature dependence of the rate

sensitivity is not well described by the simple thermal-activation rate

theory based upon a temperature-independent activation volume.

3.1.3. Micrographic examination

A dumimy specimen was sectioned, polished and etched after annealing

and the microstructure was found to be uniform, with no apparent

directionality in the grain structure; about one-third of the grains

showed annealing twins. Specimens were also sectioned, polished and

etched after test, and some of the resulting micrographs are presented

in Fig 13*. The microstructure was found to be little different from

that of the unstrained material. Fig. 13 (b) shows that no significant

grain growth occured at 400'C. In Fig. 13 (d) a few very narrow twin bands

are visible which could be caused by mechanical twinning; the f.train

contributed by such twins would however be very small compar9,i with the

large strains imposed during the test. The mean grain density (360 nmC
2 )

corresponds to about 7 grains across the wall thickness.

*It should be noted that the section is not necessarily through the axis of

the specimen, so that the wall thickness may appear greater than its true

value; this also applies in Figs. 20 and 26.
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3.2 Titanium

3.2. 1 Constant strain-rate response

Quasi-static and dynamic stress-strain curves for each of the six

testing temperatures are plotted in Figs. 14 and 15 respectively; each :4

I
curve was obtained from two or more tests, the results of which varied by

not more than 5%. It should be noted that the dynamic test results at the

two highest temperatures were obtained at slightly lower strain rates than

those at lower temperatures.

Commercially pure titanium can be seen to exhibit a well-defined yield

point at all temperatures and at both quasi-static and dynamic strain rates.

Also, the flow stress continuously increases with strain up to fracture

(designated in Figs. 14 and 15 by the letter F) except in some of the

dynamic tests where the strain-hardening rate becomes zero at large strains.

The considerable temperature sensitivity of the mechanical properties is

evident from Figs. 14 and 15.

From the extensive iresearch on titanium by Reed-Hill and his associates

(Monteiro et al. 1970, Santhanam and Reed-Hill 1971, Garde et al. 1972) and

by Doner and Conrad (1573), it is evident that dynamic strain-ageing is a very

significant factor in the plastic deformation of this metal (when impure).

This seems to occur in the temperature range of 700 to 8000 K (Conrad et al,

1973); the exact temperature apparently tends to rise with increasing purity.

For a titanium slloy of commercial purity, Garde et al. (1972) located this

'blue-brittle' temperature at 7500K. The dynamic strain-ageing phenomenon

was found by Doiier and Conrad (1973) to manifest itself in the occurrence

of yield points, serrations in the stress-strain curves, a rise in th, flow

stress with increasing temperature, minima in the total elongation versus

temperature curves and maxima in the strain-hardening rate viersus temperature

cur-ves. In all these investigations, tensile specimens were used and low

"'-5strain rates ranging from 10-2 to 10 s- were applied. The same phenomenon
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in also indicated by the enhancement of creep strength (Kissel and Sinnott

1953, Luster et LI. 1953) and high-cycle, long-life fatigue properties

(Turner and Roberts 1968) in commercial-purity titanium in the temperature

range 600 to 850 0 K.

T1he present tests on titanium were limited to a maximum of 6730 K, and

s far as could be discerned from the test records at the high temperatures

none of the above manifestations of dynamic strr-in-ageing occurred(see Fig.14).

Stress-strain curves for each temperature are shown in Fig. 16 (a) - (f);

in each figure, the variation of strain rate and the computed adiabatic

temperature rise is shown for the dynamic test. Fig. 17 (a) shows the variation

of yield and flow stress with temperature at the low strain rate. The yield

stress and work-hardening rate increase steadily as the temperature decreases

from 673 to 297 0 K, and the yield stress continues to increase as the temperature

is reduced to 123 0 K; the work-hardening rate, however, decreases with fall of

temperature below 297 0 K, increasing again at the lowest temperatures. This

behaviour may be associated with the onset of twinning as an important mode of

deformation (see Section 3.2.3>.

Fig. 17 (b) shows the yield and flow stresses for the high strain-rate

tests, the correction for adiabatic heating being indicated; as for copper,

this correction is negligible at small strains or high temperatures.

Using the definitions already introduced the apparent rate sensitivity

P'12 has been determined from the curves of Fig. 17 (a) and the corrected curves

oi Fig. 17 (b). The results are plotted in Fig. 18 (full lines) and, as for

copper, V12 shows a moderate increase with increasing strain; it also increases

with temperature up to 200'C, falling somewhat at 400QC.
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3.2.2 Strain-rate-change response

The response of the titanium specimens subjected to dynamic loading

after various amounts of deformation at the low rate (0,006 a-1) is shown

in Fig. 16 (a) to (f) for the various starting testing temperatures. Each

plotted curve is the average of at least two curves differing slightly

(about 3%) in flow stress and strain-rate values and by a maximum of 0.015

in the amount of pre-strain. Also included in Fig. 16 are the average strain

rate and adiabatic temperature rise as functions of strain, corresponding

to the high-rate part of each test,

At no testing temperature does the rate increase produce transient stress

maxima similar to the yield points observed by Santhanam et al. (1970) after

a one-decade change in strain rate during quasi-static tension of commercially

pure titanium. The flow stress increases rather smoothly and continuously.

This increase is characterized by a well-defined elastic increment which is

followed by gradual transition of the flow stress to a value similar to that

obtained in a test entirely at the dynamic strain rate. Both the elastic stress

increment and the rate of the subsequent transition depend on the testing

temperature.

As discussed before for copper in section 3.1.2, the initial elastic rise

in flow stress following a strain-rate increase can be used to calculate the

intrinsic strain-rate sensitivity P12. The variation of v112 with strain at

various temperatures is shown in Fig. 18 (broken curves). From the results

given in Fig. 18, values of 1112 and P12 for a strain of 0.1 have been

estimated, and these are plotted against temperature in Fig. 19. It is

seen from this figure that at temperatures up to 4731K, V12 is proportional

to T, as required for a constant activation volume V. The slope of the

plotted line corresponds to a value V = 0.54 nm3 or 22.4 b 3 where b is the

magnitude of the Burgers vector. The value of v12 /T drops considerably

at T 673 0 K, and corresponds to V = 37.3 b3 . Assuming that V is governed

J--------------------------.---



by the dislocation density, it appears that a significant degree of

dislocation rearrangement and mutual annihilation must take place during

the prestraining period (about 17 see) at temperatures above 4730 K. At

strains larger than 0.1, the behaviour is more complex, since P12 decreases

with increasing strain even at room temperature.

Fig. 19 also shows values of V112 at a strain of 0.1, and it is seen

that it is not proportional to T; thus the apparent activation volume V12

SkT/u1 2 varies with temperature. The values at T = 123, 297 and 4730 K

are 11.0b3 , 13.0b3 and 22.9b3 respectively. A comparison may be made with

resu .s obtained by Harding (1974) in constant-rate tensile tests on a

similar material at temperatures in the range 77 to 2880 K. These results

give values of V1 2 varying from 11 b 3 at 770 K to 19.2 b 3 at 288 0 K, for a

tensile strain of 0.05; in converting from the measured tensile stresses to

equivalent shear stresses, von Mises' yield criterion has been used. The

close similarity between the two sets of values is striking.

3.2.3 Micrographic examination

As discussed by Kooks and Westlake (1967), h.c.p. crystals do not have

the five independent slip systems required for generalized polycrystalline

deformation. As a result, twinning or other deformation processes must in

general occur in these metals. Garde et al. (1973) show that in high-purity

titanium deformed at 77 0K about thirty percent of the total plastic strain

is produced by twinning, while Madhav and Armstrong (1974) estimate that the

proportion is fifty to eighty percent at 4.2 0 K. According to data of

Santhanam et al. (Reed-Hill 1973) for commercial-purity titanium, the volume

fraction twinned increases linearly with true strain, reaching 50% at a

tensile strain of about 0.35, i.e. a shear strain of about 0.6; at a shear

strain of 0.1, the fraction is about 13%. Observations by Harding (1971)

showed that at a given temperature the density of twinning in titanium

increases with rate of strain.
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Fig. 20 shows a number of micrographs of specimens tested at low

temperatures, Fig 20 (a) gives a general view of the unstrained flange

and the heavily deformed gauge length, including the fracture region.

Fig. 20 (b) shows the detail of the microstructure in the gauge length

adjacent to the flange; twinning is evident in nearly all the grains, and

in some grains two families of twins have been developed. Figs.20 (c)

and (d) show part of the gauge length of specimens subjected to two I J
different amounts of pre-strain. Comparing Figs. 20 (b), (c) and (d),

it appears that the density of twinning decreases with increasing pre-

strain, while the width of the individual twin lamellae increases. This

effect is also seen in Figs. 20 (e) and (f), which relate to tests at

-150'C without and with pre-straining. Comparison of Figs. 20 (b) and

(e) shows the increasing intensity of twinning as the temperature is

reduced.

It is clear that, as expected, deformation twinning is an important

mechanism of plastic straining in the present tests on titanium, and that

some changes take place in the amount and nature of twinning within the

range of test conditions used. A quantitative analysis of these changes

has not been attempted, but they may account for some of the secondary

features of the observed flow behaviour, e.g. the reduction in the 'jump'

stress level with increasing pre-strain.

The initial grain density (75 mm" 2 ) corresponds to only about 3 grains A

across the wall thickness of the specimen; even with this low value, however,

there are about 1400 grains on the cross-section.

-. ~ .-.- --
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3.3 Mild Steel

3.3.1 Constant strainrrate renponno

Experimental data for mild steel were found to be of similar consistency

and accuracy to those for titanium. Figs. 21 and 22 show the stress-strain

curves obtained at various temperatures for the quasi-static and dynamic

strain rates respectively. These are also included in Figs. 23 (a) to (f),

in which the effect of strain rate on the flow curves at each temperature

can be more easily seen. The low-rate results chow the occurrence of dynamic

strain-ageing (Baird 1971, 1973; Reed-Hill 197h), the work-hardening rate at

low strains being greatest at 2000C, when the stress-strain curve is serrated.

Similar 'jerky flow' was observed at 100 and 300CC ('blue brittleness').

At all temperatures, a significant drop of stress occurred at yield in

the dynamic tests. In the low-rate tests, on the other hand, no yield drops

were obtained, though at room temperature the curve shows a small plateau

at yield.

Figs. 24 (a) and (b) show the flow stresses at four strains plotted

against temperature, for low and high rates respectively. In Fig. 24 (b)

the temperatures are instantaneous values calculated on the assumption that

the deformation is adiabatic. The influence of strain-ageing is clearly seen

in the curves of Fig. 24 (a). From the curves of Fig. 24 (b), it appears

that the flow stress reaches a minimum at a temperature of about 7000 K;

this agrees with results obtained in an earlier investigation covering

initial temperatures up to 773 0 K (Stevenson and Campbell 1974).

An increase in the blue-brittleness temperature with strain rate is

expected from the theory of Cottrell and Bilby (1949); such an increase

was observed in tensile and Charpy tests of annealed 4340 steel by Clough

et al. (1968), who showed that their results indicated the operation of a

thermally-activated process with an activation energy of 37.4 k cal/gm mole
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(1.62 eV). Such a process would imply, for a strain rate of 103 s",

a peak in the flow stress at about 750*K. From the present results and

those of Stevenson and Campbell (1974), it seemi; clear that for mild stool

the peak occurs at a considerably higher temperature than this, the I-

activation energy being correspondingly lower. Assuming that the activation

energy is that for diffusion of carbon (C". 20 k cal/ica mole), the peak

dynamic strength would be expected at a temperature of about 12400 K (967 0 C),

i.e. above the austenite trans'.tinn temperature.

It is clear that for mild steel the flow stress is governed not only by

the instantaneous strain rate M ae , but by the time available for strain-

ageing to occur and also possibly by structure changes brought about through

variation of the strain rate. The apparent rate sensitivity 912 exhibits

negative values in the temperature range where strain-ageing can occur in

the quasi-static test but hus little effect in the dynamic test. Such

negative values are of importance in metal-forming or other high-temperature,

high-rate processes but they give no indication of the intrinsic rate

sensitivity of the material, which can only be measured by the strain-rate-

change technique.

3.3.2. Strain-rate-change response

At each testing temperature, rate-jump tests were carried out at several

different values of pre-strain, and the re3ults of these tests are plotted

in Figs. 23 (a) - (f), together with the corresponding curves for strain rate

and adiabatic temperature rise.

The following observations can be made concerning features comnon to all

these results.

(1) There is a very rapid rise in stress level following the rate change.

(2) The jump yield stress is always higher than the flow stress

attained at the same strain in the exclusively dynamic test.

This behaviour is in contrast to that exhibited by copper and 4

S
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titanium as shown in Figs. 9 and 16; it has, however, been

observed at medium rates in the b.c.c. metals molybdenum and

niobium (Campbell and Briggs 1974), and also in low-rate

tests involving various rate-change ratios, with and without

intermediate umloading, on mild steel (Smith 1961, Tanaka

et al. 1972), as well as in HF-I steel (Chou and Ting 1974).

Moreover, it also occurs in temperature-change teubs involving pre-

straining at HT followed by further straining at a much lower

temperature (Nakamura et al. 1968).

It is also worth remarking that the behaviour of mild steel

has also been found to differ considerably from that of f.c.c.

metals, when the deformation is continued at a strain rate

lower than that of pre-straining (Klepaczko 1968, Campbell and

Duby 1956, Tanaka et al. 1972).

The initial jump of stress is followed by a yield drop at 200 and 4000C,

but not at lower temperatures; this behaviour is evidently linked to the

occurrence of dynamic strain-ageing during the low-rate pre-straining, the

effect being greatest at 2000C. At each temperature, the initial stress

jump is approximately the same at all pre-strains; the subseqaent work-

hardening rate, however, tends to decrease with increasing pro-stroin,

becoming negative for large pre-strains. It seems unlikely that thermal

softening is entirely responsible for these negative work-hardening rates.

The value of the initial stress increment varies considerably with

temperature, as shown in Pig. 25, where Lhe intrinsic rate sensitivity P12

is plotted for a pre-strain of y z 0.2, interpolating from the results

obtained at other pre-strains. For the two highest temperatures, points

are plotted corresponding to both upper and lower yield points. Also shown

in this figure are radial lines corresponding to constant values of V/b 3 ,

where V kT/p1 2 , the activation volume calculated on the assumption of a

conutant pre-exponential factor during the stress increment. From these



-23-

it follows that if this assmnption is correct V increases rapidly with T.

It is clear from the curves of Fig. 23 that even a relatively small

amount of quasi-static pre-strain affects the dynamic flow stress at large

strains; it seems therefore that the dislocation structure of the material

is strongly dependent on the strain-rate history, and that the 'memory' of

previous straining persists for very large changes in strain.

3.3.3 Micrographic examination

It is well known that deformation twins (Neumnnn bands) are formed

in iron under impact or low-temperature conditions. The present mild

steel specimens were therefore sectioned, polished and etched after

testing; Fig. 26 shows a selection of the microstructures observed in

the gauge length of specimens fractured in dynamic and rate-jump tests

at various temperatures. Figs. 26 (b) and (c) show that twinning occurs

at -100 and -150oC in dynamically strained specimens, the density of

twinning increasing as the fracture surface is approached; at higher

temperatures twinning is not found. Figs. 26 (d), (e) and (f) show

that very few twins are formed in specimens deformed dynamically after

pre-straining, even at low temperatures. In general it seems that the

contribution of twinning to the total plastic strain is small.

The micrographs show that there is a region of heavily deformed

material in the immediate vicinity of the fracture surface, as is to be

expected; apart from this region, however, the structure remains fairly

uniform along the gauge length. Micrographs obtained from transverse

specimens showed no significant difference in microstructure, apart from

the lack of banding of the pearlite. The mean grain density was found to

be 690 mm -2, corresponding to about 10 grains across the wall thickness

of the specimen.
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3.-. 1 !4iero-mncchan3.cal aspcctn

Asumaing that the major contribution to the observed plastic ntrain

rate is by the motion of dislocations, the general rate e.duation (I) may

by replaced by Orowun's kinematic rclatioer

nP = c:M 8)

wheru b is the magultucde Ur the jýCr(: rIwCi,oy, P) i.s the1( de-isity of

mobile dislocati.ons and v is their average velocity. Various forms of

constitutive equation have been derived from (8) by assuming functional

relations for the quantities p and v in termns of yp and the applied

,stress v (Johnston and Uilman 1959, Hahn 19,2), However, it appears from

the present results that in general y depends not only on the current

values of Y and T but on the strain-rate history. Since there is no

experimentaa method of measu,'ing Pm or v during a test on a polycrystalline

material, it is not possible to determine which of these is history-

dependent; i: fact there is a basic difficulty in manking such a distinction

if the local dislocation velocities are distributed continuously over a

wide range of values.

It may be noted however that, in order to account for the present

result., especially those for copper and mild steel, the variation in

either pi or v with stiain-rate history would have to be several orders

of magnitiide. Assiuning o. constant value for the rate-sensitivity parameter

0i1Z over the strain-rate range involved, it follows that

()m V)d

where the subscript j indicates the value immediately after the strain-rate

jump and the subscript d the value which would correspond to the same stress



- 25 -

and strain under constant-rate conditions. Thus for copper at low

tempcratureu whert. P12/P 1 2 is about 0.5 (see Fig. 11), 0mv must vary by

a factor of order 10 3 ; at room temperature and above, the factor is larger

still. Studies of dislocation mobility in copper (Greenman, Vreeland and

Wood 1967) have shown that the velocity of individual dislocations increases

approximately linearly with the applied stress, reaching high velocities

at quite low stresses. It seems unlikely therefore that in the present

experiments the velocities of individual mobile dislocations can increase

greatly during the small stress increment in a jump test.

From these.considerations, it seems likely that a large increase in

the number of mobile dislocations occurs when the strain rate is suddenly

increased. Such a dependence of p on stress and strain-rate history is

implicit in the theory of Alden (1972, 1973, 1975), in which the variation

in dislocation structure is taken into account. It is supposed that at

low rates or high temperatures a cellular dislocation structure is formed

so that considerable regions of the slip plane are relatively free of

dislocations. When the rate is suddenly increased, dislocations break

free from the cell walls and move into these regions. The theory predicts

that the stress increases gradually towards the value characteristic of

the high strain rate, as is found experimentally for copper in the present

tests.

The effect of strain-rate history on plastic flow has also been

discussed by Klepaczko (1975). He has pointed out that in general part of

the flow stress is governed by evolutionary changes in dislocation structure,

which may be diffusion controlled. Such evolutionary changes are explicit

functions of time, rather than of strain rate. Thus the flow stress at a

given strain and temperature may be considered to be the sum of an 'athermal'

component xA which is time dependent, and a thermal component T* which is

L. ~ -..
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dependent on the instantaneous strain rate and is governed by the rate-

controlling dislocation mechanism. For pure f.c.c. metals T decreases

with time because of mutual annihilation of dislocations (dynamic recovery);

for impure b.c.c. metals, iý may increase with time because of diffusion-

controlled dislocation locking (dynamic strain ageing). The latter effect

is shown very clearly in the present results for mild steel at 200'C.

The changes which occur both in the mobile dislocation density and in

the uniformity of the dislocation distribution during straining clearly

imply that in general the flow stress depends on the previous strain-rate

(and temperature) history. The general approach discussed in the Introduction,

leading to equation (1), should in principle be capable of describing the

present results; however, the usefulness of this approach is limited by the

difficulty of identifying the large number of unknown functions and parameters

involved. In particular, the number of terms in the summation and the laws

relating the parameters S. to the macroscopic variables cannot at present bei

determined. For practical purposes therefore it is necessary to adopt a more

empirical approach, in which functional relationships are postulated without

reference to the micro-mechanisms of flow. Such a relationship can be expected

to be useful over limited ranges of the variabhles involved, and the appropriate

ranges can only be established by experiment.

I. .. . . . .. •.. . •,_ ,•• •• % L . • • •



The approach discussed by Klepaczko (1975) leads to a constitutive

a fiiteincemen instrss soul ocur.The present data. for copper

at lw tmpeatuesand or itaiumandmild steel at all temperatures1

variation in flow stress with strain rate is the strain-rate history.

The present results show that for copper at room temperature the stress

difference between a jump-test curve and the low-rate curve depends on the1* incremental strain but is approximately independent of pre-strain (and

hence time) for values of pre-strain from zero to 0.6. Thus it has been

suggested (Campbell, Eleiche and Tsao 1975) that the flow stress nay be

represented by an hereditary integral or functional of the strain rate, with

strain as the indep.-mdent variable. The constant-rate data for copper may

be expressed by the equation

fi (71 ) + f2 N, 0)'i)

as suggested by Malvern (1951). For a strain-rate jump from j, to Y2at

a pre-strain a, (11) becomes

T f (Y)+ f2 (y, j1 ) + f2 (y -a, 12) fC2 (y- a, 4). (12)

Assuming linear superposition of the 'overstress' f2  ,4) (12) can be

generalized, for an arbitrary variation of strain rate given by 4 f(y), as



f () + f yn + )a n(-) (a) do, (13)

0

where

n dn/dy, f 2  af 2 /3a and no n(o)

Equations (11) and (12) have been shown (Campbell, Eleiche and Tsao

1975) to describe the present constant-rate and jump-test results for copper

at room temperature, within experimental accuracy. Similar agreement is i
found for the results obtained for the same material at 200 and h 00°C.

Further experiments using varying strain-rate histories are required

to determine whether the more general equation (13) is va.id.

For titanium, the data indicates that the effect of strain-rate history

is relatively small, while the influence of the instantaneous strain rate isV large. Thus the behaviour is neater to that corresponding to a mechanical

equation of state. However, significant deviations occur from such an

equation; at low temperatures these deviations are of the same type as

those observed in copper.

The behaviour of mild steel is more complex because of the yield drop

at high rates and the occurrence of dynamic strain-ageing at elevated

temperatures, with the consequent jerky flow. Both these effects are related

to the pinning of dislocations by solute atoms, with a corresponding

reduction in mobile dislocation density. One result of dynamic strain-

ageing is that the total flow stress at high rate depends crucially on the

degree of pre-straining; it may be ve:'y much higher than that obtained in

a test at a high constant rate. This fact may be of considerable importance

in processes such as machining, in which large increases in strain rate

occur during plastic flo'. A general constitutive relation for mild steel

would be very complex, since temperature, time, strain rate and strain-rate

history are all important in determining the flow stress.
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SFCI'ION 4

SUMMARY AND CONCLUSIONS

I. 1 MIC Coppern

'The ['low :i Lvss as moderate! y raLte and temperature sensitj.ve at all straiini

up to 1.0 or moce. At constant rates otrain hardening is positive for slhear

ttrain:s up to 1 .0, a-diabatic heating at high Strain rates ha.ving only a small

o~e''e t.

A rapid changce in strain rate by about 6 nrder.s. of magnitude causes a

finite ciantic stress, increment at ]ow temperntures, 'The magnitude of this

increment incre"._;os wcUhi njoeteasing pre-stra]tn; at roio tmperature or above,

the increment is very small; the subsequent flow stress rices sGowl, toward

that required for the same strain imposed entirely at the high rate. Tihus

the observed rate sensitivity of the flow stress is constant-rate tests appears A

to be caused largely by strain-rate history effects, rather than by the

instantaneous strain rate. Activation volumes, calculated either from the

nstant-rate data or from the elastic stress increments in the rate-jump

tests, decrease with increasinu strain and increase with increasing temperature,

The data are not consistent ,*ith the existence of a mechanical equation .4

of state relating stress, strain, strain ratd and temperature, It is concluded

that in general the flow stress consists of a rate-independent component and

components depending on the instantaneous strain rate end the strain-rate

his tory, The second of these components is small , becoming measurable on)ly

at low temperatures; the third component can be described by means of aml

her,, itary integral with strain as the independent variable.

4.2 Cormnercially-Pure Titanium

The material shows a well defined yield point, but no yield ch-op, at

all temperatures. The strain-hardening rate is small, decreasing with

increasing temperature but varying little witn strain rats. Adiabatic

heating catuses significant reduction of flow stress at large strains, but

-- '---.ttJ~.~~----- - ---- --- ---- ---- --- ---- ail



no flow instability occurs at strains up to 0.5.

In rate-jump tests, there is a large increment of stress at all temperatures.

The value of the increment varies little with pre-strain but increases witn

temperature. At high temperatures the flow stress exceeds that obtained at

a constant high rate. Strain-rate-history effects are much less marked than

those in copper, while th, instantaneous strain rate has a large influence.

Thus the behaviour approximates more closely to that corresponding to a

mechanical equation of state.

The activation volume for a strain of 0.1, ca'culsted from the response

to the strain-rate change, is essenti 1 ' 0 rconstant for temperatures up to

2000C; at 400*C a larger value is fouvnd, which is attributed to recovery

processes occurring during pre-straining and causing a reduction in the

dislocation density.

Micrographic examination confirms the importance of twinning as a

deformation mechanism for static, ]ynamic and rate-jump tests. The distvibution

and size of twins varies with the mamount of pre-strain in rate-jumap tests.

h.3 Mild Steel

The low strain-rate results show a well-defined elastic limit but no

yield dr-op; a small yield plateau is found at room temperature. The

subsequent strain hardening shows u maximum at 2000C, when serrated flow

occurs and the ductility is reduced (blue brittleness).

The high strain-rate results show a considerable drop of stress at yield.

The post-yield flow stress decreases steadily with increasing temperature,

apparently reaching a minimum at or above 400'. At room temperature and

below, the strain-hardening rate becomes negative at large strains; this is

attributed to the adiabatic temperature rise.

----------------------------------------------------. r- -i
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The initial response to a strain-rate jump is approximately elastic and

has a magnitude which increases with decrease of testing temperature- it is

little affected by the amount of pre-strain. At 200 and 4o00C a yield drop

occurs after the initial stress increment. The post-jump flow stress is

always greater than that for the same strain in a constant-rate cynamic test;

the strain-hardening rate becomes negative at large strains or low testing

temperatures.

The activation volume, calculated from the initial stress increment in

the j=ump tests, increacýes rapidly with increasing temperature. Micrographic

examination shows that twinning occurs xn specimens strained dynamically at

temperatures below. about --5u%. The amount of twinning is dependent on strain-

rate history as well as on strain rate and temperature; it does not correlate

in a simple manner with apvlied stress, since less twinning is observed in

jump-test specimens than in spacimens deformed entirely at the high rate, in

spite of the larger stresses occurring in the former.

4.4 General

It has been shown that. in general, the irate dependence of the flow stress

of a metal or alloy may be attributed to either or both of the following:

(a) the instantaneous strain and strain rate;

(b) the strain-rate history since the material was in the annealed state.

The relative importance of these two factors varies Letween materials.

For the three tested, (a) appears to be dominant for titanium and (b) for

copper, while for mild steel both factors are important.

Strain-rate-history effects are indicative of structure changes which take

place during the deformation; such changes may be diffusion controlled or

governed by raicro-mechanisms (dislocation interactions, occurrence of twinning)

SI
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which depend on the deformation processes themselves.

In addition to the factors (a) and (b), the observed rate dependence

may be affected by thermal softening caused by adiabatic heating. For copper,

such softening is small, because of the relatively low temperature sensitivity

of the flow stress; ror titaniim and mild steel, thermal softening may exceed

strain hardening so that the flow stress falls with increasing strain.

However, in the present experiments no catastrophic load drops occurred at

strains less than 0.4, even at low temperatures; at room temperature and

above, much larger strains were attained before fracture, the stress falling

quite gradually during the latter part of the test. Thus no evidence was

obtained, from the material response or from sicrographic examination, of

plastic instability causing highly localized flow at an early stage of

deformation.

ri
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APPENDIX A

Theoretical wave analysis and actual observed wave structure

as affected by the performance of the present clamp design

Fig. Al shows the bar arrangement and aimensions, together with

a characteristic x-t diagram of the elastic torsional wave fronts

during a rate-change test and the corresponding torque equilibrium

in the testing system. Only torsional waves are considered in this

figure since the performance of the clamp is assumed to be ideal;

possible generation of bending and axial waves when the clamp is

released are therefore neglected.

Typical records obtained during the rate-change tests showed,

however, certain characteristics in the output traces which are not

predicted from Fig. Al. Thus, the trace level was not constant before

the arrival of the main pulse to the output torque gauge station, and

a marked dip was observed at about 800 Us after the start of the main

pulse. These features were consistently obtained with copper, but were

almost undetected with titanium or steel, as can be seen from the

corresponding oscillogrems. In I, it was suggested that when the

clamp is released, axial waves are also initiated which travel at a

higher speed down -the two bars and are reflected partly as torsional

waves at the motor end.. Times of arrival of various ripples on the

output trace agreed fairly well with this explanation.

Two other hypotheses have been examined in order to explain the

source of axial waves in the system and the generation of the torsional

precursor and reflected waves associated with it. The first hypothesis

was based on the possible accumulation of specimen axial strain which

may be associated with the large plastic twist during quasi-static
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straining , as reported by Swift (1947) and Ronay (1965, 1967). To check

this, the specimen gauge length was carefully measured before and

after twisting to a shear strain of about 1.0; within experimental

accuracy , no elongation was found. Furthermore, measurement was

taken on the output bar of possible axial strains which may be

produced by the slow rotary unit during quasi-static loading and none

could be detected.

Next, the performance of the clamp was studied more carefully.

Axial waves may be initiated when the clamp is released if the two

opposite arms of the clamp are not exactly symmetrical with respect

to the bar axis, or due to elastic lateral strains occurring at the

input-bar section underneath the clamp. This can also result from

the method of tightening the clamp to fracture the notched bolt

holding its two arms together, since this is done usually by means of

a lever or a torque wrench from only one side of the bar system. In

order to investigate this experimentally, a dummy titanium specimen

was attached to the input and output bars and the clamp subsequently

tightened until fracture, without previously storing any torque in the

input bar. Torsional and axial strains were both measured with strain

gauges and an oscilloscope. Typical results of one such 'test are shown

in Fig. A2 where the top and lower traces represent torsional and axial

strains in the output bar respectively, both traces being delayed 100 Us

after the clamp release. A tensile pulse followed by a torsional pulse

of almost the same duration (050 Ps) can be seen to initiate at the

clamp and to propagate and reflect at end obstacles along the system.

This wave structure may explain therefore the peculiarities observed

on the output torque trace in a rate-jump test. Thus, in this case,

the axial pulse precedes the main torsional wave propagates down the
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system and through the short plastically twisted specimen. This

results in a combined axial and torsional. wave, the degree of the

interaction being mainly governed by the amplitude and duration of

the axial pulse and the strain-rate sensitivity of the material

tested (Cliftou 1966, Lipkin and Clifton 1968, Hsu and Clifton

197h). This can also be observed in the oscillograms of Fig. A3,

each showing as the top trace the signal from the output-bar torque

gauges and as the lower trace the signal from the output-bar axial

gauges; the latter gauges were centred 92mm further from the specimen

than the former, i.e. 178mm from the end of the bar.

Fig. A3 (a) shows the results of an exclusively dynamic test.

The same copper specimen was then used in a rate-change test; the

result is shown in Fig. A3 (b). Finally, Fig. A3 (c) shows the results

obtained in a clamp-release test with no torque stored in the input

bar. As discussed before, Fig. A3 (b) is typical of the results

obtained on copper in the course of the present research programme.

Various features of Lhe output trace, together with their arrival

times at the measuring station can be fairly well predicted through

an x-t diagram similar tc that of Fig. Al in which axial waves are

also taken into account. That such features were almost unobservable

in rate-change tests on titanium and steel can be explained by the

difierence in strain-rate sensitivity between these two materials and

that of copper, as reported by Hsu and Clifton (1974).
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APPENDIX B

Arrantcment for tooting at sub-ambient temperatures

Cooling below room temperature was carried out by controlling the

flow of liquid nitrogen into a short horizontal container surrounding

the specimen, which was directly attached to the input and output bars

with Araldite epoxy cement. Two general views of the cryostat can be

seen in Fig. B1, and these are self-explanatory.

Fig. B2 shows the container on its support, the specimen and parts

of the input and output bars. Two glass-wool rings are used for

insulation and strain-gauge protection. A copper-constantan thermocouple

bead can be seen soldered to the brass gauze for temperature control,

while specimen temperature was measured by a separated-junction copper-

constantan thermocouple which is taped to one of the specimen shoulders.

"A general view of the associated instrumentation used in low-

temperature testing is shown in Fig. B33. This consists as usual of

a millivolt potentiometer as a temperature read-out and a temperature

controller energizing a valve in the flow path of the liquid nitrogen

from its container to the specimen cryostat.

As mentioned above, all specimens were attached directly to the

bars with Araldite epoxy cement which proved to be a reliable adhesive

at all low temperatures down to-860c. Temperature gradients along the

bars within the cryostat were not serious enough to warrant the use of

tapered extension pieces or to require modification of the method of data

reduction. Proper strain-gauge factors were used, however; these were

determined by direct calibration at each testing temperature. In addition,

tests performed with dummy specimens indicated that the input wave

propagated throughout the bar system without distortion.

4A
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APPENDIX C

Bonding of the test specimen to the torsion bars in
SDflt-Itokinson-bar experiments for testngat

various temperatures

The torsional version of the split Hopkinson-bar method of testing

materials at dynamic strain rates has proved its superiority over the

axial version for determining the flow stress of materials, especially

at large strains. The major, and perhaps the onlyserious difficulty

facing the experimenter in using this apparatus is the devising of a

reliable method for bonding the specimen to the input and output bars.

Under testing conditions, such bonds should be rigid enough to withstand

the input torque so that the observed partition of the travelling waves

into reflected and transmitted portions can be considered as truly

representative of the specimen deformation.

For testing at room and lower temperatures down to liquid nitrogen

temperature (-1860 C), the difficulty can be overcome by using suitable

industrial epoxy cements, such as Araldite, which combine strength with

fast setting at room temperature.

For" elevated-temperature testing, industrial adhesives can no loniger

be used with complete reliability since most common epoxies lose their

strength drastically at high temperatures (Cotter and hockney 1974).

Even for those bonding systems specially designed for high-temperature

applications, such as Polyimide adhesives, a maximucm temperature of 250C

is usually reccmnended for bonds of moderate strength. Furthermore, the

curing of these adhesives is generally elaborate and complicated and appears

to be more of an art than systematic procedure. Although such adhesives

have been used successfully in previous work for bonding aluminiumi specimens

to stainless steel bars for testing at temperatures up to 2500 C
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(Eleiche and Duffy 1975), it was felt worthwhile to develop other methods

for boading various dissimilar materials for reliable use at higher

temperatures.

Various possibilitiei' have been reported in the literature (Zimmer

1963! Oberle ot al. 1965, Thackery and Dugdalu 1972). These and other

methodr include: brazing, inertia welding, electron-bean welding, puwder-

metatlurj'- techniques, mechanical bonding, or a combination of these,

according to the materials to be bonded, their thermal coefficients of

expansion and the maxilum application temperature.

In terms of cost, reliability, availability and bonding time, only
L

brazing and mechanical joining were considered attractive. The aim was to

bond copper, mild steel and titanium specimens directly or indirectlj to

the titanium torsion bars. In I, a solution was adopted for bonding copper

at temperatures up eo '00*C indirectly to the bars by use of silver brazing,

intermediate stainless-steel extension tubes and room-tem.perature epoxy

adhesive. The same procedure worked successfully with the mild-steel

specimens. With titanium, however, it was impossible to braze the specimens

to stainless steel with the silver solder, and although special brazing

alloys containing 80% palladium are apparently available (NASA 1965),

their cost and application requirements were found diffi.cult enough to make

further trials of this method discouraging.

Various mechanical assemblies were subsequently tried. These ranged

from axia, threaded joints to the use of lateral screws to grip the

specimen flanges, and shrink-fitting. None of these proved reliable,

since wave distortion always occurred to different degrees when dummy

specimens were tested, A final mechanical assembly was designed, which

proved successful. As shown in Firs. C1 and C2, it consists of two stainless

steel grips resting flat on the specimen flanges and attached to each by

means of four axial Allen screws. The whole assembly is sibsequently brazed

to stainless-steel extension tubes which are in turn cemented to the

~- - ~ fi~ -~ -- " ~ -~ .
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titanium bars with Araldite. Tests with dummy specimens were not found

completely ideal, as can be seen from results obtained at 200 and 4000C,

shown in Fig. C3. Nevertheless, they were considered acceptable,

especially since in testing a standard specimen only a small portion of

the input torque is usually transmitted through the specimen because of

its yielding and further plastic deformation. Results shown in the main

text (see Figs. 5 (h) , (i), (j) and (k) ) also indicated the reliability

of this method of assembly since all traces were found to be fairly

smooth with no indication of reflections occurring at any of the joints.

f
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TABLE 1

Composition of materils tested

a) Copker (OFUC)

Analysis of polycrystalline ccpper specimen material (ppm)

Ca Fe Pb Mg Ag Na

<1 <1 1 41 70 <1

Gas analysis of polycrystalline copper specimen materiil (ppm)

0 H N

31.5 2.4 1.0

b) Titanium (IMI 130)

rIypical maximum metallic impurity levels (ppm)

Al 500 Cu 200 Si 200

As 5 Fe 300 Sn 500

Cd 5 Mg 20 Ta 15
Co 5 Mn 500 V 500

Cr 10 Ni 15 U 10

Typical maximum interstitial impurity levels (ppm)

C H N 0 0 (at. %)*
3 eq.

200 30 90 2000 0.7

*N = 20, C = 3 0, H v 0 (Conrad, 1966)

c) Mild steel (ENIB)

Typical composition as suipplied (%)

C Si Mn S P J

0.125 0.02 1.15 0.37 0.021



TABLE 2

Material condition as supplied and as tested

Material As s Heat treatment Grain density
of specimens (Mm"2)

Copper Hot-rulled 4000 C x 2 hrs@

(OFHC) annealed rod 10'4 - 10-5 torr 360

Titaidiu Hot-rolled 7001C x 1' hrs@
(IMI 130) annealed rod 10-4 - 10-5 torr 75

Mild Steel
Mild Ie )Hot-rolled None (590
(ENIB1)

A?
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Copper 2,54 23-93

Titanium 1.27 25.4

Mild Steel 127 22.71

'KV- 3.175
L1 -' 0.381. I " -- [

Dimensions in mm.
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Fig. A2, Waves generated by release of the c2amp (dunmy specimen, no

stored torque).

Tirnebase: 100 ws/div; upper trace delay: 100s

Upper trace: torque, 5.4 Nm/div.

Lower trace: axial force, 1.88 kN/div. (compression upward).
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Fig. C3. Transmission of torsional wave through mechanica~l connectors.

Timebase, 100us/div. Upper trace dela~y, 200 lis.

Upper trace, 37.0 Nm/div; lover trace. 38.0 Nm/div.
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